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Solid-state Auger angular distributions are known to be largely independent of the type of exci-
tation, following roughly a cosine law for low ejection energies. In this paper it is shown that the
ion-track dynamics and the corresponding high electron temperatures lead to significant variations of
these Auger distributions. Ratios for diﬀerent degrees of inner-shell ionization vs. angle are sensitive
to the high energy-deposition density. The ratios show a minimum for emission angles close to the
ion-track direction, consistent with enhanced inelastic electron-energy losses or electron absorption,
respectively. Thus, Auger yields are influenced by the spatial electronic excitation distribution.
PACS numbers: 79.20.Rf, 72.15.Lh, 34.50.Bw, 79.20.Fv
Hot electrons play an important role for the heat trans-
port inside highly excited materials by laser or ion bom-
bardment as well as in other areas such as in degener-
ate cores of white dwarfs and giant stars [1]. In fact,
the non-equilibrium electron temperatures determine the
charge-state dynamics of ions in the solar wind [2] as
well as the dynamics in tokamak plasmas [3]. Further-
more, the influence of the electron temperature on the
behavior of clusters, plasmas, solids and solid-state sur-
faces excited by high power short-pulse lasers is subject
of intense research worldwide. There is rapidly growing
knowledge not only on the corresponding materials modi-
fication [4], but also on the primary electron temperature
[5] and on ejected electrons [6] and ions [7]. The trend to-
wards short-pulse x-ray lasers [8] shows that high-power
laser beams and laser-solid interaction processes [9] are
approaching the time resolution, spatial resolution and
mean energy transfer of individual swift heavy ions in-
teracting with solids. Ions (lasers) transfer 50% (nearly
100%) of their energy via dipole transitions during an
interaction time of 10−18 to 10−17 s (10−15 to 10−13 s)
within a nm spot for a single ion (a µm spot for a laser
beam of similar power density). Both types of radiation,
fast heavy ions and high-power lasers, are complemen-
tary laboratory sources and probes of non-equilibrium
processes driven by strong electronic excitations.
So far, electron temperatures in ion-solid interactions
have only been measured using high-resolution spec-
troscopy of Auger electrons, resulting from the decay of
target inner-shell vacancies in the central ion-track re-
gion. Most quantitative determinations are based on a
comparison of the high-energy slopes of Auger structures
induced by incident ions and incident electrons as a (vir-
tually asymptotic) low-temperature reference. Using dif-
ferent Auger lines, these data yield snapshots of the time
evolution of the solid a few 10−15 s after the rapid elec-
tronic excitation. Contrary to most lattice-modification
studies, such investigations allow for a clear distinction
of track-formation mechanisms [10].
The pathways of the relaxation of high ionization den-
sities inside solids and the formation of the so-called
ion tracks have been subject of a long-standing discus-
sion [11, 12]. During the last years, however, it became
obvious that the electronic thermal spike (atomic mo-
tion due to electron-atom collisions and electron-phonon
couplings) plays a major role for the atomic rearrange-
ment processes in metals and semiconductors [10, 12].
High electron temperatures, consistent with the popu-
lated electronic density-of-states (e-DOS) near the Fermi
level [10, 13, 14], have been identified as a possible driving
force of atomic motion.
In this work, we take advantage of the columnar ex-
citation with nm radius and attosecond timing related
to fast heavy ions. We present clear evidence for a sig-
nificant diﬀerence between electron- and fast ion-induced
Auger angular distributions, never observed so far. This
diﬀerence points to an influence of the free e-DOS on the
transport of fast electrons through the hot electron gas
of the cylindrical ion track, as will be discussed further
below.
Experiments have been performed with heavy ions at
8% the speed of light (592 MeV 197Au) and electrons
of similar velocity. The RFQ-cyclotron combination of
the Hahn-Meitner-Institut has delivered stable Auq+ ion
beams during several beam times at the charge state
q=30+ with electrical currents of about 300 nA. The
projectile charge-state equilibrium at qmean=46.3+ [15]
was obtained using a thin carbon stripper foil about 1
m upstream from the target. The magnetically shielded
ultra-high vacuum setup is described in detail elsewhere
[16] and thus only a brief description shall be given here.
We have used poly-crystalline beryllium (Be) and crys-
talline aluminum (Al) samples, since both targets possess
strong low-energy Auger lines with angular distributions
not significantly influenced by the atomic structure. In
this work, we concentrate mainly on the Al data since
2Al is close to a free electron gas, a fact that simplifies
theoretical treatments. Moreover, it is possible to com-
pare ion- and electron-induced data as will be discussed
further below. Although the fast Au ions penetrate deep
inside the target, Auger electrons at about 100 eV as con-
sidered here stem only from the first few surface layers
[17]. This has three consequences:
• First, the eﬀective target volume is a very thin layer
close to the surface and attention has to be paid to
the preparation of atomically clean surfaces (vac-
uum pressure in the low 10−10 mbar during the
experimental runs) using sputtering/heating cycles
before the ion irradiation. These surfaces stayed
atomically clean during the one to two days of each
of the beam times, mainly because of ion-induced
desorption of coverage atoms.
• Second, there is no depth dependence of ionization
within this shallow eﬀective target volume.
• Third, electron-collision cascades of fast δ-electrons
(secondary electrons generated directly due to the
interaction of projectiles with target atoms) close to
the surface may produce inner-shell vacancies and
contribute indirectly to the Auger signal [18]. An
estimate for this unwanted fraction of the Auger
signal yields about 25% for Al-L1VV and about
10% for Be- K1VV Auger electrons.
The earth magnetic field is reduced by about a fac-
tor of 130 in order to enable precise energy and angle
scans with the movable electron spectrometer inside the
µ-metal shielding of the chamber [16]. As implicitly as-
sumed in Fig. 1, the manipulator tilt-axis was used to
adjust the target surface-normal anti-parallel to the elec-
tron or ion beam-direction, respectively. Thus, all data
in this work are given for normal-incidence beams and
the beam direction defines the zero of the angular scales
for the subsequent figures.
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FIG. 1: (color online) Schematic view of the target, projectile
beam at normal incidence and electron spectrometer.
FIG. 2: (color online) Decomposed Al Auger-spectrum deter-
mined for an angle of 150◦. The separated peak structures
represent diﬀerent degrees of L-shell ionization.
Fig. 2 displays the multi-line structure of the Auger
energy-spectrum, for an emission angle of Θe = 150◦
with respect to the incident Au ion-beam. The continu-
ous background due to δ-electrons has already been sub-
tracted. A separation of the diﬀerent multi-ionization
components LnVV for n= 1 to 5 aluminum L-shell va-
cancies has been performed iteratively, consistent with
previous assignments [10, 19]. The weak L5VV Auger
structure at about 130 eV is just beyond the limit of
being statistically significant.
Note that electron induced Auger spectra (not shown
here) consist mainly of the L1VV diagram line plus
a small L2VV satellite component due to shake-oﬀ
processes. Comparison with ion-induced spectra for the
semi-metal Be and the conductor Al reveals the following
two facts. No significant Auger-energy reductions have
been found for incident ions corresponding to a rapid neu-
tralization of the ion-track potential created by ionized
target atoms [10, 13]. Furthermore, electron tempera-
tures of up to 100 000 K for individual Au ions have been
extracted by comparison of the broadened ion-induced
Auger lines with the corresponding narrower line shapes
obtained for incident electrons [13].
Fig.3 displays the ratio of Auger-line intensities
(R2(Al) and R3(Al)) for Al-LnVV with n = 2 (squares)
and 3 (circles) divided by the Al-L1VV value vs. emis-
sion angle. Fixed energy regions (with a width of about
±10eV ) centered at the peak maxima in Fig. 2 have
been accounted for in the peak-integration procedure.
This treatment is largely independent of the quality of
the background subtraction, of the peak separation and
of the peak position (the peak maxima are constant to
within ±0.2eV ). Further, it also reduces the statisti-
cal uncertainties. The background subtraction, however,
is still the main source of uncertainty especially for the
3small peaks (L3VV for incident ions and L2VV for inci-
dent electrons) and dominates the error bars in Fig. 3.
Previously published preliminary values for Be [13] have
shown similar line-intensity ratios R2(Be) for the K2VV
and K1VV transitions (a re-evaluation with slightly mod-
ified fit functions has confirmed the preliminary Be re-
sults).
It is seen that the ion induced Auger ratios in Fig.
3 (solid symbols) are steadily decreasing with increas-
ing detection angle. This behavior is in clear contrast
to the typical angular distribution of slow Auger elec-
trons that is approximately described by a cosine func-
tion [18, 20, 21] and thus by a constant value of the ratio.
Based on a ballistic Auger-electron model [18, 20] this
behavior is shown in Eq. 1 for the energy and angular
distribution of ejected electrons, resulting from a δ-like
initial Auger-energy distribution. The following doubly
diﬀerential emission yield d
2PA
dΩedEe
as function of the final
ejection angle Θe and the measured electron energy Ee
is valid for those energies, where diﬀusion does not influ-
ence the electron transport from a distributed isotropic











Se(Ee) is the specific electronic energy loss for elec-
trons in a medium characterized by the atomic den-
sity ρ and by the eﬀective Auger-emission cross-section
σeffA . The cross section σ
eff
A includes direct ionization
processes by the projectile, (indirect) electron collision
cascades [18] and the Auger-decay yield [22]. It is seen
that Eq. 1 follows strictly a cosine law. Exact cosine de-
pendences do not only result from the path-length of bal-
FIG. 3: (color online) Angular distribution of Al-Auger line-
intensity ratios for some LnVV transitions (see text). The
straight lines represent error-weighted linear fits
listic electron transport in homogenous media, but also
due to refraction of low energy electrons at a planar sur-
face potential [23]. However, small deviations from the
cosine distribution have been reported for various non-
crystalline samples involving diﬀerent types of transitions
and they are assigned to surface excitations by the escap-
ing electrons [21]. These deviations might explain a few
percent decrease in the ratio, but not the steep decrease
corresponding to values of -25% and -55% for the two
Al-line ratios and -15% for the Be ratio (corresponding
to Θe = 115◦ and 160◦).
In this work, we have concentrated on ratios, in order
to largely cancel possible influences of diﬀraction eﬀects,
non-planar surface morphologies, or other experimental
uncertainties. However, a remaining deviation from the
constant ratio might in principle be due to an Auger-
energy dependence of the yield vs. Θe. But this can
be checked experimentally, by using the diagram and the
shake-oﬀ lines of Al both induced by normally incident
electrons. The results of these measurements are plotted
in Fig. 3 for the R2(Al) ratio as open squares. They
are consistent with a nearly constant ratio, in contrast to
the same ratio for heavy ions (closed squares). Thus, the
decreasing intensity observed for the heavy ions seems
to reflect an eﬀect of the type of projectile and not the
target structure or the Auger-decay process. A possible
explanation will be given in the following discussion.
It is known [10, 24—26] that fast electrons and fast
ions transfer their energy to the target in similar way.
Ionization probabilities, however, scale for (nearly) bare
particles roughly with (q/vp)2, where q is the projectile
charge state and vp is the projectile velocity. Hence, in
our case the ionization probabilities for heavy ions exceed
the electron induced ones by a factor of about 2000, re-
sulting in a strongly enhanced inner-shell ionization and
valence-electron temperature (the ionization track) [13].
This high energy density is even more pronounced for
lines due to multiple inner-shell ionization in compari-
son to the diagram lines. The corresponding vacancies
are localized closer to the track center and, even more
important, they decay faster being related to a higher
temperature in the ion track [13]. Hence, the reduced
Auger ratio close to angles of Θe = 180◦ in Fig. 3 may
be understood if there is enhanced electron absorption
for fast electrons that move along the track axis (the sur-
face normal direction) during its maximum temperature
stage.
Consequently, the largest absorption should be found
for the highest temperature of about 50 000 K corre-
sponding to the Al-L3VV transition, which is in agree-
ment with our experimental observation of a steeper slope
for R3(Al) in comparison to R2(Al). Theoretically, one
expects the collective dynamic screening of the Auger
electron to dominate the interaction at low speeds, lead-
ing to reduced energy losses at elevated temperatures
[27]. For Auger electrons far above the Fermi velocity,
4however, screening should be less important and the vari-
ation of the density-of-states near the Fermi level opens
new excitation channels which should give rise to en-
hanced absorption as indicated by our results. In other
words, our data indicate that Se(Ee) in Eq. 1 should
for heavy ions be replaced by a Θe-dependent averaged
energy loss Smeane (Ee,Θe, Te(r)), where Te(r) is the ra-
dial electronic temperature field around the ion path and
during the Auger decay. In addition, we expect Smeane
to increase for electron-emission angles Θe close to 180◦
and for high electron temperatures Te.
In conclusion, a new ion-track eﬀect, namely a short-
time modification of the Auger angular distribution, has
been proven by comparison of ion- and electron-induced
yields. The measured intensity variation is consistent
with enhanced absorption of fast electrons that move for
an extended time close to the hot center of the heavy-
ion track. Future theoretical and experimental studies
might reveal that quantitative temperature gradients at
nanometer dimensions and on a femtosecond time scale
can be extracted from such data.
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